Polyacrylamide (PAA) and amine-functionalized PAA (AFPAA) nanoparticles with disulfonated 4,7-diphenyl-1,10-phenantroline ruthenium (Ru(dpp(SO 3 ) 2 ) 3 ) have been prepared. The nanoparticles produced have a hydrodynamic radius of 20-25 nm.
Introduction
Photodynamic therapy (PTD) is based on the photosensitized production of singlet oxygen by non-toxic dye molecules that penetrate cancer cells [1] . These photodynamic drugs are sometimes delivered using nanoparticles, and ideally are targeted. The singlet oxygen creates other reactive oxygen species (ROS), such as superoxide radicals. These may cause damage to the cell's DNA, lysosomes, mitochondria or membrane, resulting in cell apoptosis, or sometimes necrosis. The main problems are: (i) collateral damage to healthy cells; (ii) limitations on light penetration (beyond a few mm); (iii) cancer cells that develop immunity by pumping drug dyes back out of the cell. In contrast, the photodynamic Probes Encapsulated by Biologically Localized Embedding (PEBBLES) [2] encountered in the present work are designed to target cancer cell membranes, but not to enter the cell or release drugs that enter cells. This avoids back-pumping, as well as protects the drug from being metabolized but, will the singlet oxygen, generated in the PEBBLE, manage to come out of it and attack the cell? Our study addresses this question.
Themoleculeused inthis work fortheproductionof 1 O 2 4,7-diphenyl-1,10-phenantroline ruthenium (Ru(dpp(SO 3 ) 2 ) 3 ), Fig. 1 , presents a high quantum yield of 1 O 2 production, a high absorption coefficient in the visible spectra and a high photostability, making it an excellent choice for use in PDT. The problem of toxicity of Ru(dpp(SO 3 ) 2 ) 3 is overcome by Sensors and Actuators B 90 (2003) [82] [83] [84] [85] [86] [87] [88] [89] incorporationinnon-toxicnanoparticlesasseemstobethecase for polyacrylamide (PAA) based particles [3, 4] .
The characterization of Ru(dpp(SO 3 ) 2 ) 3 , free and enclosed in the nanoparticles, as a source of 1 O 2 was performed with a water soluble anthracene derivative, anthracene-9,10-dipropionic acid (ADPA). This molecule reacts with 1 O 2 to produce an endoperoxide (Fig. 2) . The absorption and fluorescence of the product are benzene-like due to the loss of aromaticity in the central ring and are therefore shifted to the UV (from 400 to 280 nm). This endoperoxide is thermally stable at room temperature [5, 6] , it is photochemically unstable giving back ADPA [7, 8] but at the wavelengths used the endoperoxide does not absorb (l > 300 nm). This dye was chosen for the measurement of 1 O 2 because of its high solubility in water, its high rate constant for reaction with 1 O 2 [9, 10] , the thermal stability of the endoperoxide formed and the fact that it does not absorb light at the wavelength used for irradiation of the 1 O 2 source (465 or 488 nm).
Materials and methods
The ruthenium dye Ru(dpp(SO 3 ) 2 ) 3 was synthesized following the procedure in reference [11] . All reagents and solvents were analytical or chromatographic grade and were purchased from Sigma-Aldrich (Milwaukee, WI, USA) or Polysciences Inc. (Warrington, PA, USA). Fluorescent dyes were purchased from Molecular Probes (Eugene, OR, USA).
The nanoparticles were prepared by polymerization in reverse micro-emulsion as described in [2] with some minor changes. The polymerization solution of PAA nanoparticles consisted of 10 mM phosphate buffer, pH 7.4, with 21% (w/v) of acrylamide, 6% (w/v) of N,N-methylenebis(acrylamide) and 0.5-5 mM of Ru(dpp(SO 3 ) 2 ) 3 . For the amine-functionalized PAA (AFPAA) nanoparticles 4% (w/v) of N-(3-aminopropyl)methacrylamide was used and the concentration of acrylamide was reduced to 17% (w/v). Two milliliters of the above aqueous solution was added to 43 ml of de-oxygenated hexane containing 3.6 mmol of AOT and 8.1 mmol of Brij 30. The polymerization was initiated by the addition of 30 (40) ml of a solution of 10% (w/v) ammonium persulfate in water and 15 (30) ml of N,N,N 0 ,N 0 -tetramethylethylenediamine (TEMED) for the PAA (AFPAA) nanoparticles.
The size of the PAA nanoparticles was measured using multi-angle light scattering with a previous size separation using AFFF-asymmetric field flow fractionation from Wyatt Technologies (Santa Barbara, CA, USA). The solvent used to dissolve the sample and to perform the fractionation was phosphate buffer 10 mM, pH 7, with 0.15 M of NaCl.
UV-Vis absorption was performed in a Shimadzu UV160U (Shimadzu Scientific Instruments, Columbia, MD, USA) and the fluorescence measurements in a FluoroMax-2 spectrofluorometer (ISA Jobin Yvon-Spex, Edison, NJ, USA). In a typical experiments for 1 O 2 production/measurement 2.5 ml of the Ru(dpp(SO 3 ) 2 ) 3 solution in phosphate buffer 10 mM, pH 7-7.4, with 0.15 M NaCl, and 12 mM of ADPAwas placed in a cuvette with mixing using a magnetic stirring bar. The fluorescence emission of ADPA when excited at 380 nm was recorded and the solution was then irradiated at 465 nm, with a bandwidth of 10 mm, for 3 min. The measurement of ADPA fluorescence and irradiation of Ru(dpp(SO 3 ) 2 ) 3 was repeated three or four times. The intensity of the light used to irradiate the Ru(dpp(SO 3 ) 2 ) 3 was 6:2 Â 10 À6 einstein dm À3 s
À1
, as measured using a Coherent Fieldmaster power meter with model LM-2 semiconductor detector head (Coherent Inc., Santa Clara, CA, USA).
The leaching experiments were performed in an Amicon tangential filtration system, using Biomax 50 kDa membranes (Milipore). Typically, 10 ml of a 3 mg ml À1 suspension of PEBBLES in saline phosphate buffer were added to a 25 mm diameter Amicon and allowed to filter. The first 2 ml were collected but unused and the absorption/fluorescence of the following 3 ml of filtrate was measured. All the filtrate was then placed back in the Amicon. This process was repeated several times to follow the leaching and occasionally the total absorption/fluorescence of the suspension was measured to account for alterations in the total amount of dye. 2 with the rate constant k 2 . The singlet oxygen molecule may also decay to the ground state by energy transfer to the solvent or other molecules in solution with a rate constant k 3 , this process including also eventual reaction with molecules other than ADPA. In the kinetic scheme, the possibility is also considered of ADPA being consumed in processes not involving 1 O 2 with a rate constant k Y . From kinetic Scheme 1, the following differential equations are obtained:
Kinetic model
The integration of Eq. (1) (3) and (4), respectively.
½ADPA ¼ ½ADPA t¼0 expðÀktÞ;
For the production/measurement of 1 O 2 in the presence of sodium azide, the reaction of 1 O 2 with N 3 À , with a rate constant k 4 , must be added to the kinetic scheme. The resulting differential equations may be integrated assuming the same conditions as before and the rate constant for the decrease of the concentration of ADPA with the irradiation time is now given by (5).
Results
The polyacrylamide particles were easily suspended in saline phosphate buffer producing a clear, non-turbid, suspension after sonication for 10-30 min. The measurement of the size of the nanoparticles was performed with multi-angle light scattering after separation of sizes by asymmetric field flow fractionation. The concentration of nanoparticles used was usually 10 mg ml À1 but a concentration of up to 300 mg ml À1 was tested to check for aggregation of the nanoparticles at higher concentrations. For the higher concentrations a smaller volume of sample was injected to avoid saturation of the light scattering detector. The results obtained are presented in Fig. 3 . The preparations presented in Fig. 3A were prepared in different days and with a different amount of Ru(dpp(SO 3 ) 2 ) 3 per gram of nanoparticles: 6 mmol g À1 (-), 16 mmol g À1 (---) and blank particles (Á Á Á). It can be seen that there is little variation with the preparation and with the loading of the particles with dye in this concentration range. The results presented in Fig. 3B were obtained with the same preparation of blank particles at several concentrations. The particles are easily suspended in saline phosphate buffer with a concentration up to 300 mg ml
À1
. With the high concentrations some aggregation is observed but those aggregates may be broken up by sonication. In Fig. 3B , one can see that the solution with 100 mg ml À1 presented more aggregation than the solution with 300 mg ml À1 that was sonicated for a longer period. Even with the presence of some aggregation, more than 90% of the particles/aggregates presented a hydrodynamic radius smaller than 40 nm (see insert in Fig. 3) .
The leaching of Ru(dpp(SO 3 ) 2 ) 3 from the nanoparticles was measured using an Amicon tangential filtration system, using Biomax 50 kDa membranes as described in the methods section. The samples were prepared in phosphate buffer 10 mM, pH 7, with 0.15 M NaCl, and were sonicated until clear, 10-30 min for PAA and 1-5 h for AFPAA. The results obtained in a typical experiment are presented in Fig. 4 . The leaching from AFPAA nanoparticles is very small with less than 4% of free dye being detected, for a preparation of 1 mg ml À1 of nanoparticles with 6.2 mmol Ru g
, after 2 days in saline phosphate buffer (Fig. 4A) . The leaching from PAA nanoparticles present a biphasic behavior with about 30% of the dye leaching out very fast and the remaining leaching out relatively slowly, about 10% in 1 day (Fig. 4B) . The total amount of dye in the suspension is also presented in Fig. 4 and a small decrease was observed, this being attributed to binding of the free dye to the membrane.
The characterization of Ru(dpp(SO 3 ) 2 ) 3 as a source of 1 O 2 in saline phosphate buffer equilibrated with air was performed by irradiation in a fluorimeter in the presence of 12 mM of ADPA (absorption ¼ 0:1 at 380 nm). The ADPA reacts with 1 O 2 to form an endoperoxide (Fig. 2 ) and the disappearance of ADPA can be followed by the decrease in fluorescence in the range 400-500 nm when excited at 380 nm. The results obtained for irradiation of a solution of 40 mM free Ru(dpp(SO 3 ) 2 ) 3 , with a light intensity of 6:2 Â 10 À6 einstein dm À3 s À1 at 465 nm, are presented in Fig. 5A . The concentration of ADPA can be calculated from the fluorescence intensity, assuming a linear dependence, and this is presented in Fig. 5B Table 1 for all the samples tested.
The same methodology applied to characterize Ru(dpp-(SO 3 ) 2 ) 3 free in solution was applied to the dye incorporated in PAA and AFPAA particles. The results obtained in a typical experiment are presented in Fig. 7 . The results for two different concentrations PAA nanoparticles with 16 mM Ru(dpp(SO 3 ) 2 ) 3 per gram of nanoparticle are presented in Fig. 7A . The time profile was very well described by the kinetic model and the values obtained for k indicate that the polyacrylamide matrix does not quench the 1 O 2 formed inside them allowing it to leave the nanoparticles and react with the ADPA dissolved in the solution. The suspension of the AFPAA nanoparticles in saline phosphate buffer is much more difficult than in the case of PAA particles and they must be sonicated for hours before a clear solution is obtained. The results obtained with the clear solution, after sonication for 5 h, and with a sample of the same suspension sonicated for only 1 h are presented in Fig. 7B . The solution sonicated for only 1 h presented some scatter at the wavelength used for irradiation, the apparent absorption at 465 nm was 1.9 while the absorption by Ru(dpp(SO 3 ) 2 ) 3 after the aggregates have been broken is only 0.25. It is observed that the presence of scatter increases the rate of production of 1 O 2 and this was (2) is also shown and the rate constants obtained are presented in Table 1 . (5) is also shown and the rate constants obtained are presented in Table 1 .
interpreted as being due to an increase in the effective pathlength of the excitation light. After sonication the samples were allowed to equilibrate with air before the commencement of the kinetic experiment and the values recovered for the rate constants in the clear solutions show that when Ru(dpp(SO 3 ) 2 ) 3 is incorporated in AFPAA particles the rate of consumption of ADPA is reduced to about 60% as compared to the experiments with free Ru(dpp(SO 3 ) 2 ) 3. The rate constants used and recovered from the best fit of the kinetic model are collectively presented in Table 1 .
Discussion
The size of the amine-functionalized nanoparticles have not been directly measured because the membranes used in the asymmetric field flow fractionation equipment are not compatible with amines. It is expected that the sizes are similar because the micro-emulsion used for the polymerization has the same characteristics. Also, the size of AFPAA particles prepared by the same method have been measured indirectly after reaction of the amine groups with polyethylene glycol 2000 (PEG2000). Those PEG modified AFPAA particles possess a hydrodynamic radius of about 40 nm.
A bulk gel prepared with the acrylamide concentration used in the preparation of the nanoparticles (21% acrylamide and 6% bis-acrylamide) is an efficient sieve for molecules with a molecular weight higher than 2 kDa [17] . It was therefore expected that the particles prepared, both PAA and AFPAA, would efficiently entrap the 2.7 kDa Ru(dpp-(SO 3 ) 2 ) 3 . The results obtained with the PAA particles show that although the core of the particles is an efficient sieve, the interface of the particles is more leaky and, as expected, the interface of a particle with r ¼ 25 nm represents a significant fraction of the total volume. The results obtained with AFPAA indicate that the interaction between the negatively charged dye (À6) and the ionized amine groups in the particles is strong enough to slow down the kinetics of leaching so that the dye does not leach significantly during a period of days. The PAA particles may be washed with saline buffer and the Ru(dpp(SO 3 ) 2 ) 3 remaining in the particles will not leach out significantly during several hours.
The kinetic model used assumes a random distribution of all the reactants, Ru(dpp(SO 3 ) 2 ) 3 , Ru(dpp(SO 3 ) 2 ) 3 Ã , 3 O 2 , 1 O 2 and ADPA and the good fit of the model to the experimental results does not make us suspect of heterogeneities. We have also observed that the absorption and fluorescence spectra of Ru(dpp(SO 3 ) 2 ) 3 and ADPA are not affected by one another and also that ADPA are not affected by the presence of PAA or AFPAA nanoparticles. In contrast, the fluorescence emission spectra of Ru(dpp(SO 3 ) 2 ) 3 incorporated in the particles is blue shifted by 5 and 10 nm in PAA or AFPAA, respectively (results not shown). However, there are several possible heterogeneities that should be taken into account in the interpretation of the results: (i) in the case of free Ru(dpp(SO 3 ) 2 ) 3 the only concern is that both Ru(dpp(SO 3 ) 2 ) 3 and ADPA are negatively charged, À6 and À2, respectively. This however should not lead to a significant repulsion between the two molecules due to the high ionic strength of the media, I ¼ 0:165 M. (ii) The number of molecules of Ru(dpp(SO 3 ) 2 ) 3 per nanoparticle in the preparations used ranged from some about 10-100 and the distribution of Ru(dpp(SO 3 ) 2 ) 3 relative to the total volume is obviously not homogeneous. This does not present a problem due to the low intensity of irradiation light, where the probability of excitation of two molecules in the same particle is negligible, and therefore conducing to a random distribution of Ru(dpp(SO 3 ) 2 ) 3 in the excited state. (iii) 
